We provide a description of the structural and thermal characteristics of snow cover in the Snowy Mountains of southeast Australia. Using the snow classification system developed by Sturm et al. (1995) , the snow cover in the Snowy Mountains is classified primarily as maritime in areas where there is sufficient accumulation, and as ephemeral at lower elevations and on ablating aspects. Maritime snow is generally deep (.100 cm), with a density .0.30 g cm À3 . The snow-ground interface is maintained within 18C of freezing and relatively high air temperatures promote equitemperature metamorphism throughout the winter. The formation of depth hoar (temperature gradient snow), which is considered to be important in facilitating the development of the subnivean space, does not occur under these conditions. Ephemeral snow is characterized by warm shallow snow that often melts before new snow is deposited. Basal melt is a common feature of snow cover in the Snowy Mountains throughout most of the winter. We reappraise the processes responsible for the formation of the subnivean space under Australian snow conditions and discuss the importance of these processes for understanding the ecology of fauna in the subnivean space. Our findings highlight the value of an explicit description of snow conditions to ecological research in snow-covered areas. As a minimum, researchers should provide a description of basic structural and thermal properties of the snow pack that would allow other researchers to view the work in an appropriate context.
Introduction
The presence of snow in the landscape is a significant factor in the ecology of organisms (Formozov, 1946; Pruitt, 1960 Pruitt, , 1984 Halfpenny and Ozanne, 1989; Green and Osborne, 1994; Stenseth et al., 2004) . Despite the considerable literature on snow itself and, to a lesser extent, on its influence in the biosphere, the study of the ecological aspects of snow remains a relatively underdeveloped discipline (Halfpenny and Ozanne, 1989) .
In Australia, the area subject to seasonal snow cover lasting at least 2 months comprises about 1675 km 2 , or about 0.02% of the mainland. Nevertheless, Australian alpine and subalpine areas have developed a unique biota characterized by considerable endemism (Green and Osborne, 1994; Mansergh and Broome, 1994; Costin et al., 2000) . As might be expected, snow-related research is less developed in Australia compared with regions where snow plays a much greater role in landscapes and the lives of human inhabitants. As a result, the understanding of snow ecology in Australia has been influenced by (and is to some extent reliant on) research undertaken overseas, especially in the northern hemisphere where studies are usually conducted at higher latitudes and/or elevations than in Australia. If the findings of these studies were transferred to an Australian context without consideration of variations in snow cover characteristics, the consequent misconceptions could affect the study of organisms that interact with snow at some point in their life cycles.
A further complicating factor is the tendency of research on snow as a physical phenomenon to be relatively divorced from considerations of snow as an ecological attribute. For example, although a number of workers have described meteorological and hydrological aspects of snow under Australian conditions (Costin et al., 1961; Brown and Millner, 1989; Davis, 1998) -the physical characteristics of Australian snow (Ruddell, 1998) , the spatial distribution and duration of snow pack in the Australian Alps (Slatyer et al., 1984; Duus, 1992; Osborne et al., 1998) , the effects of climate change Whetton et al., 1996; Whetton, 1998) and the likely effects of climate change on the ski industry (Galloway, 1988; Konig, 1998; Hennessy et al., 2003) few of these authors make more than a passing reference to the ecological implications of their findings. Conversely, in ecological research, snow cover is sometimes treated as if independent of local or regional influences, something that is clearly not the case (Berry, 1981; Mckay and Gray, 1981; Davis, 1998) . Where ecologists have attempted to integrate snow as a factor into the study of alpine and subalpine biota (Green, 1982; Carron, 1985; Green, 1988; Bubela et al., 1991; Happold, 1998) , some aspects of snow cover characteristics are described. However, researchers have not used their data to make meaningful comparisons between Australian snow cover conditions and those occurring elsewhere, especially those from regions from which we have derived so much of our understanding of nival ecology processes.
On a global scale, any possibility of misconception could be largely avoided by the widespread adoption of a scheme that facilitates cross-regional classification of snow cover, and in particular allows comparisons of the ecological attributes of the snowpack. While the systems of Magono and Lee (1966) and Colbeck et al. (1992) provide a framework for classifying snow based on crystal structure and other features, these systems are not useful for describing classes of snow cover at landscape scales (Sturm et al., 1995) . Early attempts to devise large-scale snow classification systems did not gain wide acceptance because they were based upon different combinations of descriptors and consisted of different numbers of classes that did not necessarily correspond to classes in other systems; in general, they were often of little use beyond a local area. For a review and summary of these systems see Sturm et al. (1995) . Sturm et al. (1995) noted the need for a more generic system for classifying various types of snow cover. They developed a system which relies on observable snow cover properties and uses characteristics that are easily measured in the field or readily available from other sources. This paper has two objectives. The first is to provide a brief description of the characteristics of Australian snow using data collected during the winters of 2002 and 2003. The second is to use these data supplemented by additional records to classify Australian snow according to the system developed by Sturm et al. (1995) , hereafter referred to as the Sturm system, thus placing Australian snow cover in a more global context. We discuss some of the ecological considerations arising from our findings.
Methods

THE STURM CLASSIFICATION SYSTEM
The details of the Sturm system are given in Sturm et al. (1995) . What follows is an overview of the system including the elements used for this paper.
The Sturm system has six main classes that Sturm et al. (1995) suggested generally reflect the natural grouping of snow cover characteristics. These include: tundra, taiga, alpine, maritime, ephemeral, and prairie (Figs. 1 and 2). A seventh ''mountain'' class is defined as a highly variable snow cover greatly influenced by varying solar radiation and wind patterns, often resulting in a number of different snow types within a relatively small area.
The names chosen for the classes, although referring to either a vegetation type or geographic location, do not imply that the classification is based upon the location of the snow cover or its relationship to a specific biome. The system relies solely on the physical characteristics of snow for classification; thus, ''taiga'' or ''maritime'' snow may occur in locations that are not taiga or close to the sea, respectively, but have characteristics of the particular snow cover type. For example, ''taiga'' snow cover is of thin to moderate depth, its stratigraphic profile is dominated by depth hoar (temperature gradient snow), and it exhibits few melt features. These characteristics reflect the particular conditions under which the snow was deposited and then remained. In the case of taiga snow cover, we would expect it to occur in cold climates with consistently low average winter temperatures. Taiga snow also would not be greatly affected by wind; a reflection of its tendency to occur in forested areas.
The advantage of the Sturm system is the use of average winter values for four variables (snow depth, air temperature, snow-ground interface temperature, and density) that are easily measured in the field, or available from routine snow course observations and weather stations. A fifth parameter, vertical temperature gradient, is based on a combination of snow depth and the difference between air and snowground interface temperature. The Sturm system does away with the need to dig snow pits and make repeated stratigraphic observations, which can be time consuming and often require special skills and equipment as required by the Colbeck et al. (1992) system.
THE STUDY AREA
Our study area was located within the Snowy Mountains, Kosciuszko National Park (36.08S, 148.38E) in southeast Australia. This region includes the Australian continent's highest mountain, FIGURE 1. Stratigraphic and textural profiles of snow cover classes (from Sturm et al., 1995) .
Mount Kosciuszko (36.4568S, 148.2648E, 2228 m a.s.l.). The Snowy Mountains include most of the northern extent of the Australian Alps and encompass the largest contiguous areas of alpine and subalpine habitats on the Australian mainland.
The Australian Alps consist of a disjunct series of peaks and plateaux extending for about 350 km in a generally northeasterly direction from their southern extent at about 37.58S, 1468E, to 358S, 1498E (Fig. 3) . Snow cover that remains on the ground for any length of time occurs in two main zones. The alpine zone, defined as the areas above the tree line, is characterized by continuous snow cover for at least four months per year. The subalpine zone lies between the upper limit of the tree line and the snowline at its lower limit. It is subject to continuous snow cover for at least one month (Green, 1998a; Costin et al., 2000) . The tree line occurs at 1800-1900 m in the north, descending to 1750 m in the south. In a similar manner, the subalpine zone commences at a lower elevation in the south (around 1400 m) but occurs above 1500-1600 m in the north (Green, 1998b) . The treeless alpine area has a diverse assemblage of vegetation communities, but is typically characterized by herbfields and heathlands (Costin et al., 2000) . The subalpine area is a mosaic of woodlands dominated by snow gum, Eucalyptus pauciflora, wet and dry heathlands, and tussock grassland (Green and Osborne, 1994) .
DATA COLLECTION
Data for this study were collected as part of a larger project investigating the distribution of small mammals in relation to snow cover in Kosciuszko National Park. These field measurements were supplemented with data obtained from routine snow course and meteorological records.
Snow depth measurements were made during 2002 at 72 sites, stratified across three elevation levels (1501-1600 m, 1601-1700 m, and 1701-1800 m) and two aspects (ablating and accumulating). Ablating aspects in Kosciuszko National Park are generally northwesterly and usually have lower snow depths than accumulating (southeasterly) aspects. This is because the latter are subject to lower insolation levels and, due to the prevailing northwesterly winds, act as a snow fence. Within each elevation and aspect, sites were selected to include the main vegetation types present. Of the 72 sites sampled in this study in 2002, 24 at the highest elevations were resampled in 2003. Each site comprised three plots approximately 10 m apart, each plot consisted of a 200 cm timber stake marked at 10 cm intervals to enable measurement of snow depth to the nearest 5 cm. Snow depth was recorded on a weekly basis during 2002 and at intervals of two weeks or one month during 2003. In addition, weekly snow depth data recorded at Spencers Creek snow course (36.438S, 148.358E, 1830 m) were obtained from Snowy Hydro Limited.
Winter average air temperatures for each of the study sites were derived from the ESOCLIM module of ANUCLIM 5.1 (Houlder et al., 2000) . ANUCLIM generates climate estimates for selected locations from thin plate smoothing spline surfaces fitted to continent-wide monthly mean meteorological data using ANUSPLIN 4.3, producing estimates of monthly mean climate variables (Hutchinson, 1991 (Hutchinson, , 2004 . For temperature, ESOCLIM estimates are accurate to 0.58C or better (M. Hutchinson, personal communication) .
Seasonal average air temperature for Spencers Creek was calculated from data obtained from the Thredbo Crackenback Automatic Weather Station (AWS) (36.498S, 148.298E, 1957 m) . Although about 8.9 km from the Spencers Creek snow course, this is one of only two stations from which regular long-term records are available for the study region. The other, located at Perisher Valley (36.408S, 148.418E), is closer to Spencers Creek (6.4 km), and located at an elevation of 1735 m. We considered that air temperatures taken from the higher station would provide more conservative calculations than the lower one.
During 2002, snow-ground interface temperatures were measured using 24 ThermocronÒ iButton temperature loggers (Dallas Semiconductor Corp.), located throughout the 72 study sites, giving 4 replicates of each elevation/aspect combination. Temperature loggers were installed at all 24 high elevation sites sampled in 2003. Loggers were held in white colored open-ended PVC tubes (56 mm 3 27 mmø) and placed randomly within the study sites. The PVC tubes ensured that, irrespective of variations in the subnivean space size and the proximity of snow to the ground, none of the loggers were in direct contact with the basal snow layer. Loggers had a resolution of 60.58C and were set to record at 2 h intervals. Average temperatures were calculated for the period when continuous snow cover was present at a particular site.
Snow density data were available only for the Spencers Creek snow course where depth and bulk density measurements are taken on a weekly basis. Full profile density measurements were averaged for each month of winter and for the entire season. It is likely that snow density at field sites (all of which are at lower elevations than Spencers Creek) would equal or exceed the values at Spencers Creek, especially at lower elevations. This is because of higher rates of snow pack metamorphism, especially on ablating aspects where higher insolation often causes considerable melt-refreeze metamorphism (Mckay and Gray, 1981 ) (G. Sanecki, unpublished data). Therefore, the Spencers Creek data provide a conservative estimate of density.
The Sturm system is based on average winter values for each parameter. Previous studies (Carron et al., 1990; Bubela and Happold, 1993; Happold, 1998) have defined winter as being the time when ''snow permanently covered the ground'' from June to September. In this study, we have defined the winter period as occurring from June to August (92 days) and data from this period only were used for classifying snow classes. Table 1 summarizes the key snow cover characteristics of the three elevation classes sampled in this study. Despite the expected variations in snow depth and duration with vegetation type, aspect and elevation, and some year-to-year variations in depth and duration at the same site, there was little difference in snow/ground interface temperature among the sites. Average interface temperatures were consistently above freezing throughout winter regardless of air temperature. Snow-ground interface temperatures at Spencers Creek also were above freezing ( Table 2) .
Results
As expected, air temperatures at the study sites decreased with increasing elevation. This temperature decrease was less than 18C for each 100 m increase in elevation, corresponding to the temperature lapse rate of 0.68C per 100 m. Average winter air temperature was above À28C for the study sites (Table 1) , and these estimates were consistent with data recorded at Thredbo AWS (Table 2 , Spencers Creek). Table 2 compares the Spencers Creek snow characteristics with those of the four main snow classes presented by Sturm et al. (1995) . Spencers Creek was selected because it is one of the few sites from which long-term records are available, including snow density data. Characteristics of snow at Spencers Creek most closely resemble the maritime snow class. Sturm et al. (1995) noted that snow-ground interface temperatures for maritime snow are generally within 18C of freezing and often display basal melt features which would be expected at temperatures above freezing. The vertical temperature gradient also most closely corresponds to the maritime class. Snow depth falls within the values expected for the maritime class, but also the alpine class. However, the latter exhibits a greater vertical temperature gradient resulting from lower average air temperatures. Spencers Creek air temperatures are in fact higher than the maritime air temperatures presented by Sturm et al. (1995) . Snow density falls within the maritime range early in the winter (Fig. 4) but increases steadily throughout the season due to the progressive development of melt features and ice layers within the snow pack (G. Sanecki, unpublished data), producing a snow cover that is coarse grained and often wet. This is not only as a result of melt, but also rain, which can occur throughout the winter in the Australian Alps. Sturm et al. (1995) described ephemeral snow as a thin, warm snow cover of short duration (,2 months) that often begins to melt shortly after deposition and is often subject to considerable basal melting. In this study, average winter air and snow-ground interface temperatures at the lowest elevation sites were above freezing throughout winter, suggesting conditions conducive to daytime snowmelt with intermittent nighttime freezing. Snow duration at all ablating and many accumulating low elevation sites was less than 2 months. In some cases, snow remained on the ground for only 2 weeks. Snow depth for all low elevation sites did not exceed 50 cm in depth. On ablating aspects at the mid-elevation level, there also were a number of sites where snow depth was less than 50 cm and duration was less than 2 months. We conclude that snow at low elevations should be classed as ephemeral. It is likely that at mid-elevations, and perhaps even higher elevations during some years, snow cover also may be ephemeral in nature, particularly on ablating aspects.
Discussion
Based upon the classification system of Sturm et al. (1995) and the data gathered in this study, snow cover at higher elevations in Australia most closely resembles maritime snow. However, since Australian snow displays some divergent characteristics, it is possible that snow of this type represents a separate ''warm-temperate-tropical'' category where daytime temperatures are above 08C and nighttime temperatures below 08C. These conditions favor equitemperature (ET) metamorphism and melt-freeze metamorphism as the dominant processes responsible for changes in the snow pack over time. It is likely that ephemeral snow occurs over at least half of the area subject to snow cover in the Snowy Mountains, based on snow depth and duration data presented by Slatyer et al. (1984) .
There appears to be little merit to the argument that a mountain classification is more appropriate for Australian snow to account for variations due to topography and other factors. Mountain snow is highly variable over relatively small geographic scales. For example, different classes could be described on the opposite sides of a ridge, whereas our data show that snow cover characteristics are quite similar over a range of elevations and aspects.
Similarly, the alpine snow cover class of Sturm et al. (1995) is not appropriate in the Snowy Mountains because both air and snow-ground interface temperatures are considerably lower, while the temperature gradient is much greater, than values observed in this study. Our study did not consider data from elevations above 1800 m, which in the Snowy Mountains is the approximate position of the treeline and the boundary between the alpine and subalpine zone. On the Australian mainland the alpine zone accounts for approximately 7% of the area subject to the seasonal accumulation of snow (Good, 1992) . It is possible that alpine snow occurs at higher elevations; however, we do not consider this to be likely (except possibly in years with exceptionally harsh winters), as data from snow courses in the alpine areas of Kosciuszko National Park show similar snow density trends to Spencers Creek (G. Sanecki, unpublished data). Moreover, incidental measurements taken at a range of high-elevation sites over a six year period indicate that snow-ground interface temperatures almost never fall below 08C (G. Sanecki, unpublished data).
Observations from other locations in Australia are consistent with data from Kosciuszko National Park and indicate that our conclusions about snow classes in the Snowy Mountains can safely be extrapolated generally across the Australian Alps. Fifty-four years of records from the Rocky Valley snow course in the Bogong High Plains (1650 m, 36.878S, 147.288E) show similar snow densities to those at Spencers Creek (Fig. 5 ). In addition, the two sites have similar patterns of snow accumulation (Osborne et al., 1998) . Snow pit investigations at the summit of Mount Buller (1809 m, 37.138S, 146.428E) showed snow pack temperatures were at, or only slightly lower than, 08C (Ruddell, 1998) . Average winter air temperatures also are consistent with, or higher than, those in Kosciuszko National Park (G. Sanecki, unpublished data).
In the past, a lack of information about Australian snow conditions has led to assumptions that data collected in boreal regions, where taiga snow cover is commonly encountered, accurately reflect the situation in Australian alpine and subalpine areas. For example, Green and Osborne (1994) suggested that in areas of limited plant cover, the subnivean space forms due to temperature gradient (TG) metamorphism whereby water vapor (formed by sublimation) is transported from the warmer lower snow levels to the cooler upper layers where it recrystallizes, resulting in the development of deep layers of lowdensity depth hoar. However, TG metamorphism and thus the formation of depth hoar requires the snow pack to be subjected to a vertical temperature gradient in excess of 10-258C m À1 for about one week (Akitaya, 1974; Colbeck, 1983; Ruddell, 1998) . This process is Average winter values for Spencers Creek, Kosciuszko National Park, compared with the ranges of values for the main snow classes defined by Sturm et al. (1995) . more characteristic of taiga snow (and alpine snow to a lesser extent). Data presented in this paper indicate that conditions conducive to the formation of taiga snow do not occur in Australia.
In the absence of a thermal gradient within a snow pack that is close to or just below 08C, ET metamorphism becomes the dominant process for creating structure in the vertical stratigraphy (Langham, 1981; Ruddell, 1998) . This type of metamorphism involves the transformation of snow crystals into more compact grains that, when combined by sintering processes, causes an increase in the hardness and density of the snow pack. As air temperatures increase and the snow pack further warms, melt-freeze metamorphism becomes predominant, further increasing snow pack density (Langham, 1981) . These processes explain the relatively high density of Australian snow cover and the progressive increase in density throughout the nival period. The formation of the subnivean space in areas with little vegetation structure in Australia is probably related to basal melting processes as a result of snow-ground interface temperatures above 08C.
Under suitable conditions the area of subnivean space can be quite extensive (Coulianos and Johnels, 1962) and it is thought that depth hoar is an important factor in the ecology of winter active subnivean fauna (Pruitt, 1984; Halfpenny and Ozanne, 1989; Auerbach and Halfpenny, 1991) . A low-density depth hoar layer does not form in Australian snow fields. Rather, the typically high snow density is likely to provide a mechanical hindrance to small mammals that move under the snow. Snow density is above 300 kg m À3 throughout the snow profile for much of the season in Australia (Fig. 4) (Ruddell, 1998) . However, small mammals have difficulty digging through snow with densities greater than 210 kg m À3 (Spencer, 1984) . It follows that during winter in Australian alpine and subalpine regions, small mammals are confined to areas where physical processes other than TG metamorphism form a subnivean space of sufficient size to enable movement. The exception to this is early in the season or when fresh snow of low density permits tunneling (Green, 1998b) (G. Sanecki and K. Green, unpublished data) . Similarly, any investigation of supranivean fauna would need to consider the implications of higher snow density and mechanical strength for the movement of fauna across the snow and their ability to dig into it. Our study also has relevance to studies investigating the possible impact of snow compression by human activity, including the movement of over-snow vehicles or snow grooming on subnivean environments (Schmid, 1971; Keddy et al., 1979; Adam, 1981; Halfpenny and Ozanne, 1989; Green, 1998b Green, , 2000 . The nature of the impact is a function of the type of snow cover present at a particular site. Once it has achieved a certain depth, maritime snow has greater mechanical strength than ephemeral snow due to its depth and density.
Consequently, it is probably less susceptible to compression for prolonged periods during the nival period, particularly mid-to late season (Langham, 1981) .
Snow ecology needs more consistent snow classification. The Sturm system has been shown to provide a logical and practical paradigm for the description and interpretation of Australian snow cover conditions from an ecological point of view. However, the use of the Sturm system would also benefit from the inclusion of more global data to improve its generic applicability and strengthen its ecological significance.
